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Abstract 
Several studies on Digital Image Correlation technique allowed this methodology to be recognised in the last decade as a well-
optimised tool for mechanical experimental measures, but much work is to be done to apply DIC based analyses on advanced 
applications, such as fatigue damage studies and composite materials failure investigations. 
DIC based methodology gives direct measure of the displacement field using a well defined formulation of matching the images 
of loaded and load free component, so that displacement vectors can be evaluated for a certain number of grid reference points on 
the analysed surface. 
In this work, the authors present the latest research with this method, and analyse fatigue damage phenomena in GFRC laminates 
under tensile fatigue load employing notched and notch-free specimens. Damage analysis based on optical DIC technique has 
been performed to detect the damaged areas on the specimen surface and to follow failure mechanisms during lifetime; the 
damage evolution in composites was performed monitoring two parameters: the local hysteresis area of stress strain cycles, the 
local stiffness variation. These parameters are evaluated on a grid by means of DIC strain measurements during the entire fatigue 
life showing encouraging results. 
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1. Introduction 
Advanced aeronautical and mechanical industrial applications make large use of composite materials such as 
Glass or Carbon Fiber Reinforced Composites (G/C FRC) and their employment increases with new industrial 
processes, allowing even more performing characteristics to be achieved. For these materials three essential damage 
phenomena have been identified: primary crack formation of the fibers in on-axis plies, matrix cracking in off-axis 
plies and external surfaces, finally the differently growing local delaminations among plies [1, 2]. Defects are 
observed to originate at life beginning, causing a fast decrease of composite stiffness properties and a certain 
strength decay; a second damage stage follows, with a gradual and slow material degradation, function of the fatigue 
load level and also environmental conditions [1-3]. The last part of component life consists of strong decrease for 
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material properties and an accelerated loss of stiffness in the damaged zones, causing visible defects to appear and 
leading to final catastrophic effects [1, 3]. 
Consequently, fatigue damage is in a way very unpredictable due to several damage mechanisms that interact 
each other (especially when the effect of different stacking sequences is to be considered); on the other way, 
nucleation of defects is present since the first cycles leading to the possibility to detect the damage state and 
eventually the most likely defect location on surface of composite part well before failure is approached [3]. The 
authors propose a methodology based on the full-field technique, Digital Image Correlation (here shortened with 
acronym DIC) as a valuable tool to be used as a non destructive control system for GFRC components, provided that 
deep and profitable investigations about this procedure applied to fatigue damage analysis on standard specimens 
are conducted and experimentally verified. 
In this work GFRC flat specimens were manufactured in notched and notch-free geometries, in order to test 
under fatigue loads the material decaying conditions due to damage occurrence. DIC technique is employed to 
monitor surface specimen under fatigue testing and to evaluate two indicative parameters correlated to damage 
evolution: stiffness and absorbed mechanical energy. 
 
2. Materials and methods 
The specimens were manufactured adopting lay-up technique with continuous unidirectional E-glass fibers 
(superficial density of 600 g/m2) and epoxy matrix (see table 1 for their mechanical properties). 
Table 1. Mechanical properties of E-glass fibers and epoxy resin. 
E-glass fibers 
$YHUDJHYDOXHRI'LDPHWHUP 10 
Young Modulus (MPa) 73000 
Ultimate tensile strength (MPa) 3400 
Strain to failure (%) 4.8 
Epoxy Resin EC 130 LV + Hardening Additive W340 (ratio 100:37) (ALTANA VARNISH-COMPOUNDS) 
Density (g/ml) · 
Young Modulus (MPa) · 
Ultimate tensile strength (MPa) · 
Strain to failure (%) · 
 
 
Fig. 1. Geometries of the specimens. 
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A plates with thickness of 2.1 mm was manufactured obtaining a volume percentage of fiber of about 40% and 
two different geometries for specimens were chosen: rectangular un-notched specimens (here indicated with initial 
³81´DQGQRWFKHGVSHFLPHQV³12´DVUHSRUWHGLQ)LJXUHA Breton MATRIX CNC 4 axes milling machine and 
a Peter Wolters Single-Wheel Machines were employed to cut the specimens and polish their edges, obtaining a 
superficial roughness, of edges Ra, of less than 3.6 ȝm. Both the configurations were provided with opportune tabs 
according to standard ASTM D3039 [4] to allow a efficient load transmission during test avoiding, at the same time, 
a damage of specimen caused by the grip system. The specimens can be considered as thin, making possible the 
assumption that the measured displacement map on the surface is very close to the depthwise averaged displacement 
field. 
Taking as reference direction the longitudinal specimen axis (see Figure 1), two different stacking sequences 
were considered: [0/90/90/0] and [90/0/0/90]. From the plate (300  300 mm2) 28 specimens were obtained and 
identified with a part number composed by first two letters indicating the geometry (UN or NO), third letter for ply 
sequence (L for [0/90/90/0], T for [90/0/0/90]) and a progressive number. All tests were performed with a MTS 
hydraulic machine with load cells of 10 kN and 100 kN. 
2.1. Calibration and resolution of DIC 
Digital Image Correlation is based on pattern recognition and exploits the correspondence between the markers of 
a virtual grid superimposed on the first images [5, 6]. Considering a batch of images, the first is taken as reference 
and a virtual grid is superimposed on it; opportune algorithms [7-13] allow to find the position of the markers of the 
grid for every image and to calculate the field of superficial displacements at the time which an image is referred to. 
The images must present a significant contrast to make the process work, so the specimens were prepared painting 
them with white varnish spread on a black background (see Figure 2). For all tests, images were stored with an 8-bit 
IRUPDWDQGZLWKDVSDWLDOUHVROXWLRQRIPPSL[HOWKURXJKD'56¶V/LJKWLQJ5'7high speed CCD camera. 
Firstly an evaluation of accuracy of displacement and strain measurements was performed employing an image of 
a specimen rigidly shifted of 1 pixel in horizontal direction. Correlation of the original and shifted images gave the 
results exposed in Figure 2. Displacements data are affected by a dispersion of about 0.002 pixel in both direction 
(see Figure 2b) and we can assert that displacement measurementVSUHVHQWDHUURUOHVVWKDQȝPWKHXQFHUWDLQW\LQ
strain evaluation resulted to be about 1.5 10-4 (Figure 2c). 
6WDUWLQJ IURP WKHPDSV RI VWUDLQ<RXQJ¶VPRGXOXV KHUH LQGLFDWHGZLWKE) and dissipated mechanical energy 
(here indicated with H) were calculated for every complete cycle and for every marker by means of dedicated 
algorithms and opportunely elaborated routines in MATLAB language [3]. 
2.2. Static test 
A first static test was carried out on the specimen UN-L-01 that showed failure in its lower part close to tab 
junction. Five images per second were acquired and a speed of actuator of 0.5 mm/min was imposed. Averaging the 
values of İy on each row (the specimen is considered as mono-dimensional and identified with its axis) it is possible 
to follow the evolution of strain and to clearly identify the image corresponding to final failure (see Figure 3b). The 
reader can observe that in this simple test is evident how different can be the mechanical behavior of different areas 
of the same specimen; in fact in Figure 3a three zones are chosen (in red, azure and green squares) and the strain 
values calculated as average for these markers gave different static curves (see Figure 3d) giving evidence that 
composite laminate exhibits an intrinsic mechanical heterogeneity since the beginning of load application. 
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Fig. 2. Image of a notched specimen with a virtual superimposed grid (a); results of displacement (b) and strain (c) calculation between two 
images shifted of 1 pixel in x-direction. 
  
      (a)     (b) 
         
(c) (d) 
Fig. 3. UN-L-01 specimen with virtual grid (a); İy averaged on every row image per image (b); three maps of İy at three different moment of static 
test (c); static curves for the upper, middle and lower zones and the general one (in black line) (d). 
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2.3. Calculation of two damage indexes: H and E 
Two parameters were considered and calculated from the strain data of every fatigue test: stiffness variation and 
dissipated energy per cycle [14-25]. The stiffness (E [MPa]) was calculated cycle by cycle considering ı-İ diagram 
for every single marker and averaging the values derived from ascending and descending sides of the load cycle. 
Deformation of a specimen under cyclic load is a process that dissipates energy during the increasing load phase; a 
part of this energy is released back during the decreasing of the load and a residual part is consumed to create new 
defects or propagate those already existing. Therefore the hysteresis area per cycle during fatigue load represents a 
not-direct index of general damage state: the higher the absorbed strain energy the more important is the damage 
process that takes place [3]. 
3. Experimental results 
The fatigue tests were performed setting the load as sinusoidal with a frequency of 9.5 Hz and acquiring the 
images with a rate of 5 images per second. These values allowed a complete reconstruction of 1 cycle every 18 
effective load cycles as reported in Figure 4. The MTS force data were stored with a frequency of 150 Hz. CCD 
camera and MTS were opportunely triggered to synchronize the load signal and the acquisition. 
 
 
Fig. 4. Acquired images with facq = 5 Hz for a sinusoidal signal at fload = 9.5 Hz. 
A total of 8 fatigue tests, all with a load ratio of 0.1, were carried out as reported in Table 2. The results of tests 
NO-L-02 and UN-L-04 are shown as significant examples as follows. 
Table 2. Fatigue tests. 
Test ID Falt/Section (MPa) Fmean/Section(MPa)  Test ID Falt/Section (MPa) Fmean/Section(MPa) 
UN-L-02 100 122  NO-L-02 100 122 
UN-L-04 100 122  NO-L-03 100 122 
UN-T-03 100 122  NO-T-02 100 122 
UN-T-04 100 122  NO-T-03 100 122 
3.1. UN-L-04 test 
The specimen UN-L-04 ran for 25255 cycles and showed a sudden failure in correspondence of the onset of the 
upper tab. As reported in Figures 5 and 6, no evident evolution of E or H can be observed during test. In particular, 
the value of H varies noticeably in every single map but without identifying any heterogeneity evolving in time, as 
well as E does not show any significant localization in space or time. A possible explanation for these phenomena is 
due to the onset of damage processes just in the portion of material under the tab where the grip pressure is higher 
and where no information can be collected with image correlation (Figure 5c). Most of the mechanical energy was 
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absorbed to provoke damage and stiffness degraded just in this part of specimen, leaving almost unchanged the 
remainder part of material. 
 
 
Fig. 5. (a) UN-L-04 specimen with the virtual grid superimposed; (b) H and E maps relative to the beginning, central and final part of the test;    
(c) image of failed specimen. 
 
Fig. 6. Evolution of H and E for test UN-L-04 averaged on every row (a) and averaged for every map (b). 
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3.2. NO-L-02 test 
The second test here reported is carried out on a notched specimen, NO-L-02, for a total of 11720 cycles to 
failure. Since the beginning of test, superficial vertical slight delamination interested external on-axis layers in 
proximity of notch and subsequently other delaminations nucleated and move towards the center of the specimen 
progressively interesting a larger portion of material since final failure is reached (Figure 7c). 
The maps of E and H show a remarkable correspondence and the areas when hysteresis is higher show a lower 
stiffness; this aspect appears with evidence for the maps relative to cycles 5580-5868 (see Figure 7b). Anyway the 
evolution of the two indexes of damage appears clear when specimen is identified with its axis and the values of the 
markers of the rows are averaged for each map as reported in Figure 8a. 
Making reference to figures 7 and 8, it is possible to observe that the damage phenomena are at first concentrated 
into the central area of the specimen (starting from the half of lifetime) and gradually evolve interesting a larger 
portion of material since failure occurs just in the central weaker section. The progression of H and E can also be 
observed by the diagrams in Figure 8b, where the evolution of damage appears to have a growing rate. 
 
 
Fig. 7. (a) NO-L-02 specimen with the virtual grid superimposed; (b) H and E maps relative to the beginning, central and final part of the test;   
(c) image of failed specimen. 
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Fig. 8. Evolution of H and E averaged on every row (a) and averaged for every map (b) for test NO-L-02. 
4. Conclusions 
A 2D Digital Image Correlation technique was opportunely developed and employed to compute strain maps of a 
specimen during a mechanical test. 
The adopted technique presents an uncertainty in displacement measure of the order of 1 m and about 1.5*10-4 
for strain measurement allowing to obtain reliable information on heterogeneities that develop and evolve during a 
test. In particular, applied to fatigue tests on glass fiber reinforced composite material, DIC allowed to compute the 
evolution of two parameters strictly associated with fatigue damage: the stiffness (E) and the absorbed energy 
calculated as the mechanical hysteresis area of a complete cycle (H). These two indexes give a clear indication about 
the damage localization and about the process of gradual degradation of the mechanical properties of composite. 
The results exposed in the present paper showed that H and E are closely related and showed coherent 
development in space and in time highlighting the potentiality of proposed methodology in the study of fatigue. 
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